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ABSTRACT 

The performance characteristics of gaseous secondary i n j e c t i o n  

thrust v e c t o r  c o n t r o l  i n  overexpanded primary nozzles  are i n -  

v e s t i g a t e d  under sea-level condi t ions .  

i n  both the primary and secondary systems. 

a b l e  primary nozzles  w i t h  6.79, 10.72, 16.56, and 25.00 area 

r a t i o s  provide a wide range of test cond i t ions .  

incorpora t ing  the e f f e c t s  of t o t a l  and d i f f e r e n t i a l  f low 

rates from t w o  opposed i n j e c t i o n  nozzles  provide c r i te r ia  f o r  

p r e d i c t i n g  performance of a vehicle whose primary nozzle  is 

Nitrogen gas is used 

Four interchange-  

Data p l o t s  

overexpanded relative t o  the ambient pressure .  

Frequency response and i n j e c t i o n  angle  characteristics are 

determined f o r  secondary i n j e c t i o n  thrust v e c t o r  c o n t r o l  in a 

primary nozzle  w i t h  sea-level expansion. 
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FOFEWORD 

T h i s  r e p o r t  desc r ibes  the resul ts  of t h e  work accomplished 

under NASA Contrac t  NAS 1-7154 e n t i t l e d  " Inves t iga t ion  of 

Gaseous Secondary I n j e c t i o n  T h r u s t  Vector Control  Consider- 

i ng  Primary N o z z l e  Overexpans ion ,  Frequency Response, and 

I n j e c t i o n  Angle". The tes t  d a t a  obtained serves  t o  extend 

the information obtained under previous c o n t r a c t s  ( N A S  1-2962 

and NAS 1-4102). 

The c o n t r a c t  was performed a t  the Troy, Michigan, f a c i l i t y  of 

the Vickers Div is ion  of Sperry Rand Corporation under the 

t e c h n i c a l  cognizance of M r  . John Riebe , Langley Research 

Center .  
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SECTION 1 

INTRODUCTION 

1.1 Program Objec t ives  

The primary o b j e c t i v e  of this  i n v e s t i g a t i o n  was t o  ga in  a b e t t e r  

quali tative and q u a n t i t a t i v e  understanding of secondary i n j e c t i o n  

thrust v e c t o r i n g  i n  overexpanded primary nozzles .  

under a number of overexpansion condi t ions  us ing  n i t rogen  gas 

i n  both primary and secondary systems can provide design c r i te r ia  

f o r  adapt ing  separated-f low secondary i n j e c t i o n  thrust v e c t o r  

c o n t r o l  (SITVC) t o  o p e r a t i o n a l  vehicles. 

Data obtained 

The program a l s o  had two secondary o b j e c t i v e s .  F i r s t  w a s  an 

i n v e s t i g a t i o n  of the dynamics of SITVC by frequency response 

t e s t i n g .  Second w a s  an i n v e s t i g a t i o n  of t he  e f f e c t s  on t h e  

thrust v e c t o r i n g  f o r c e  produced by vary ing  the angle  of the 

i n j e c t i o n  nozzles  Both of these i n v e s t i g a t i o n s  were performed 

i n  sea-level nozzles w i t h  n i t rogen  gas used i n  both primary and 

secondary systems 

1.2 Previous Tes t ing  

Under c o n t r a c t  NAS 1-4102 w i t h  NASA Langley, three tests of warm 

gas SITVC w e r e  conducted under s imulated a l t i t u d e  condi t ions  a t  

1-1 



f 

the Allegany Bal l is t ics  Laboratory.  

test ,  the p res su re  wi th in  the a l t i t u d e  cab in  r o s e  above the 

design l i m i t s .  

overexpanded re la t ive to  ambient cond i t ions ,  and the primary 

f low sepa ra t ed  from the nozzle  w a l l .  

measured f o r  the secondary system under separated-f low condi t ions  

w a s  s i g n i f i c a n t l y  greater than that  obtained when the primary 

nozzle w a s  f lowing f u l l .  

During po r t ions  of each 

When this occurred ,  the primary nozzle became 

The s p e c i f i c  impulse 

The p o t e n t i a l  b e n e f i t s  of th is  increase  i n  SITVC s p e c i f i c  i m -  

pu lse  warranted f u r t h e r  study of separated-f low systems. 

Greater s p e c i f i c  impulse would be obtained a t  the lower a l -  

t i t u d e s  when the primary nozzle is h igh ly  overexpanded. 

weight saved by us ing  a separated-f low SITVC system a t  the lower 

a l t i tudes would al low use of an overexpanded primary nozzle 

which, i n  t u r n ,  becomes more e f f ic ien t  w i t h  i nc reas ing  a l t i t u d e .  

Proper matching of primary and secondary systems could reduce 

the number of stages i n  a vehicle. 

The f u e l  

1.3 Descr ip t ion  of Experimental Hardware 

I n  an e f f o r t  t o  v e r i f y  and expand the separated-f low resul ts  

of NAS 1-4102 t e s t i n g ,  experimental  hardware w a s  designed t o  

r e p r e s e n t  a wide range of overexpansion condi t ions .  The 
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primary 

program 

nozzle  on which a l l  three-dimensional t e s t i n g  f o r  t h i s  

w a s  performed cons is ted  of  a s i n g l e  mixing chamber and 

four  interchangeable  nozzle extensions.  

( t h r o a t  diameter = 0.739 inch = 0.01877 meter) passed a nominal 

6 lb/sec (2.72 kg/sec) of n i t rogen  gas a t  600 p s i a  (4 .14  x lo6 

nsma) chamber pressure. 

two opposed secondary i n j e c t o r s  a t  an X/L l o c a t i o n  of 0.75. 

The primary nozzle 

Each primary nozzle extension contained 

I n  each extension t e n  p re s su re  t aps  w e r e  loca ted  i n  t h e  nozzle  

w a l l .  Each secondary nozzle ( t h r o a t  diameter = 0.234 inch  = 

0.00594 meter) passed a nominal 0.6 Lb/sec (0,272 kg/sec) of 

n i t rogen  gas a t  600 p s i a  (4 .14  x 10 6 nsma) chamber pressure.  

I n j e c t o r  exit  a reas  w e r e  s ized  t o  match exhaust p re s su re  t o  t h e  

expected pressure  under t h e  shock i n  t h e  primary nozzle when 

the i n j e c t o r  was passing 0.3 l b / s e c  (0.136 kg/sec) of n i t rogen  

gas.  Other system parameters a r e  given i n  F igure  1.1. 

The primary and secondary systems were mounted on a t h r u s t  

s tand capable of measuring a x i a l  t h r u s t  and s i d e  fo rce  i n  t h e  

plane of i n j e c t i o n .  

t r o l l e d  by a propor t iona l  pneumatic va lve  mounted on t h e  base 

of t h e  s tand .  

presented i n  Figures  1 .2  and 1 . 3 .  

Nitrogen flow t o  t h e  i n j e c t o r s  w a s  con- 

Photographs of t h e  t h r u s t  s tand assembly are 

1- 3 
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I n  a d d i t i o n  t o  the three-dimensional t e s t i n g ,  a two-dimensional + 

model of gaseous SITVC i n  an overexpanded nozzle  was  constructed.  

The f low s t r u c t u r e  i n  th i s  model was  photographed w i t h  Schl ie ren  

equipment. D i f f e r e n t  degrees of overexpansion were simulated by 

varying the primary chamber pressure ,  Sch l i e ren  test  condi t ions  

and photographs are presented i n  Sec t ion  4.1, 

1.4 T e s t  Program 

A t o t a l  of n ine ty -e igh t  tes ts  were performed. 

(see Figure 1.4) provide the  i n t e r - r e l a t i o n s h i p s  of s i d e  fo rce ,  

primary nozzle  overexpansion, t o t a l  secondary system gas flow, 

and d i f f e r e n t i a l  gas f low between t h e  opposed i n j e c t o r s .  

Tests 1 t o  84 

T e s t s  

85 t o  98 are l i s t e d  i n  Figure 1.5. 

frequency response characteristics of the TVC f l u i d  mechanism, 

Tests 88 t o  98 employed a number one primary nozzle extension 

modified t o  hold a s i n g l e  swivel led i n j e c t o r .  

Tests 85 t o  87 determine the 

E f f e c t s  on s i d e  

fo rce  of vary ing  

l e v e l  condi t ions.  

1 the i n j e c t i o n  angle  can be s tudied  under sea- 
1 

I n  tests i n  which n i t r o g e n  was  flowing through both  i n j e c t i o n  

p o r t s ,  t h e  command s i g n a l  t o  t h e  propor t iona l  valve w a s  pro- 

, 
1 4  G d 

vided by the tape-recorded prograrr, shown i n  Figure 1.6. 

s i n g l e - p o r t  tests, s t e p  and ramp s i g n a l s  were appl ied  manually, 

For 
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Outputs  from a l l  pressure  t ransducers ,  load cel ls ,  and tu rb ine  

flowmeters w e r e  recorded on an osc i l l og raph  f o r  a l l  tests, 

Osci l lograph p a p e r  speed f o r  the frequency response tests w a s  

0 , l  meter p e r  second; f o r  o t h e r  tests a 0.01 meter p e r  second 

p a p e r  speed w a s  used. 

The tes t  program w a s  performed a t  the  Vickers Adminis t ra t ive 

and Engineering Center i n  Troy, Michigan. 

J 
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FIGURE 1.4 - SEPARATED-FLOW TEST CONDITIONS 
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T e s t s  22-42: 
T e s t s  43-63: 
T e s t s  64-84: 

* T e s t s  t o  be performed w i t h  one i n j e c t i o n  p o r t  blocked and 

Same as T e s t s  1-21 except  u s ing  extension 2, 
Same as T e s t s  1 -21  except  u s ing  ex tens ion  3. 
Same as T e s t s  1-21 except  u s i n g  extension 4. 

the f low t o  the o t h e r  p o r t  v a r i e d .  
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* T e s t s  t o  be performed w i t h  one i n j e c t i o n  p o r t  blocked and 
the f low t o  the o t h e r  p o r t  va r i ed .  
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SECTION 2 

THEORETICAL ANALYSIS 

2 .1  Ca lcu la t ion  of Accommodation Height 

The f i r s t  s t e p  i n  analyzing a SITVC system is c a l c u l a t i o n  of 

the accommodation height. The accommodation height, h,  is  

def ined  as the d i s t a n c e  of pene t r a t ion  of the secondary j e t  

perpendicular  t o  the primary nozzle axis i n  the plane of the 

i n j e c t o r s .  The approach used i n  c a l c u l a t i n g  h begins w i t h  p r i -  

mary and secondary flow and momentum equat ions ac ross  the plane 

of the i n j e c t o r s .  For i d e n t i c a l  primary and secondary gases: 

- - . - - - - -. - . - - ____ I_ - - __ - 
MoAoPo /l+% (y-1) Mo2 = M3AsP3 /1+% (y-1) M3* 

The s u b s c r i p t s  r e f e r  t o  the fol lowing f low condi t ions:  

0 ,  primary stream a t  i n j e c t i o n  plane w i t h  no i n j e c t i o n  

3, primary stream a t  i n j e c t i o n  p lane  w i t h  i n j e c t i o n  

4 ,  secondary stream a t  i n j e c t i o n  plane 
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j ,  secondary stream a t  i n j e c t o r  exi t  

I - 
The average pressure  i n  the sepa ra t ion  r eg ion ,  Ps, is  

approximated as 

- : 1 (Pj+2PS), 
ps 3 

where sepa ra t ion  pressure  Ps is  obtained as a func t ion  of 

Mo , Po, and y from obl ique  c o n i c a l  shock t a b l e s .  

By geometry 

A. A3+A4, 

and as a boundary cond i t ion  

T h i s  provides a 

N P3 = P4. 

approximation 

system of seven equat ions w i t h  seven unknowns 
f * I  - 

( M 3 ,  A 3 ,  P3, M 4 ,  Ah, P4, Ps), which can be solved f o r  A4. 

an  a d d i t i o n a l  approximation that the secondary flow area i s  a 

With 

J2-Ai half -circle,  h = - 
?r 

This  approach was appl ied  t o  the test condi t ions  obtained i n  three- 

dimensional t e s t i n g .  

l o 6  nsma primary chamber pressure  and 2.72 kg/sec n i t rogen  f low 

rate are: 

Representat ive r e s u l t s  obtained f o r  4.14 x 
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Extension N o .  1 2 3 4 

h, a t  6 = 0.136 kg/sec 0.01410 0.01872 0.0255 0.0319 meter 

h ,  a t  6 = 0.272 kg/sec 0.01788 0.0224 0.0299 0.0396 m e t e r  
j 

j 

A s i z i n g  procedure f o r  the i n j e c t i o n  nozzles is implied i n  the 

set of equat ions presented above. For  any given primary system, 

va lues  of & and Po can be used t o  ob ta in  P, d i r e c t l y  from obl ique 

c o n i c a l  shock t a b l e s .  I n  o rde r  t o  match the i n j e c t o r s  t o  the 

sepa ra t ion  pressure  under the shock, t he  i n j e c t o r  exi t  p re s su re ,  

P j ,  is set equal  t o  Ps by ob ta in ing  the proper combination of 

secondary chamber pressure  and e x i t  Mach number. 

2.2 Determination of Shock Location 

When the gas from the secondary system is  i n j e c t e d  i n t o  the 

primary stream, an obl ique shock is produced. Pressures  on 

the primary nozzle w a l l  under this shock both upstream and 

downstream of the i n j e c t i o n  p o r t  are increased.  

a s i g n i f i c a n t  a d d i t i o n  t o  the s i d e  f o r c e  produced by the mo- 

This provides 

mentum of the i n j e c t e d  gas. For  this  reason,  the i n j e c t o r  

should be loca ted  as f a r  upstream as poss ib l e  i n  o rde r  t o  i n -  

crease the area under the shock. The l i m i t a t i o n  to  upstream 

i n j e c t o r  placement is the azimuth of the shock on the nozzle 

w a l l  a t  the exi t  plane.  When this azimuth (Oe i n  F igure  2.1) 
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approaches o r  exceeds 90° ,  a l a r g e  por t ion  of the excess pres-  

sure  d i s t r i b u t i o n  under the shock is either wasted on a por t ion  

of the w a l l  a t  right angles  t o  the des i r ed  d i r e c t i o n  of s i d e  

fo rce  o r  even creates a negat ive s i d e  f o r c e  component. 

design s e l e c t i o n  of @e equal t o  75 o r  80 degrees a t  the maxi- 

mum i n j e c t o r  flow rate is  d e s i r a b l e .  

s a f e t y  f a c t o r  i n  case the  a c t u a l  TVC system produces a Oe 

g r e a t e r  than the design va lue .  

A 

This provides a small 

An empir ica l ly  determined equat ion (See referenced Vickers re- 

p o r t s ,  p a r t i c u l a r l y  NAS 1-4102 Phase I r e p o r t . )  f o r  e x i t  plane 

shock azimuth is 

LO DO t an  ($-a) + - tan a + - s i n  - 
De De 

ae = 2 a r c s i n  

where Lo is the  a x i a l  d i s t ance  from i n j e c t i o n  plane t o  primary 

e x i t  plane,  De is  the  primary nozzle  ex i t  diameter ,  \3r is the 

e f f e c t i v e  shock angle  a long the w a l l  (approximately 7 O  g r e a t e r  

than the obl ique shock, a is  the 1 5 O  expansion ha l f - ang le ,  Do 

is the  primary nozzle  diameter a t  the  i n j e c t i o n  p lane ,  and Qo 

is  t h e  shock azimuth i n  the i n j e c t i o n  plane.  

azimuth is approximated as 

The Q0 shock 

h <D, = 2 a r c s i n  - + 7 O  
N 

D O  

where h is the secondary j e t  accommodation he igh t  whose method 
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of  computation is shown i n  Sec t ion  2 .1 .  

T h i s  method of determining the shock o u t l i n e  assumes that  the 

secondary j e t  p re sen t s  an e f f e c t i v e  half -circle of o b s t r u c t i o n  

( w i t h  r a d i u s  h) t o  the primary stream. 

has shown that an a d d i t i o n a l  "f i l l ing" e f f e c t  along the nozzle w a l l  

Experimental evidence 

extends the shock inf luence  another  7 *. Under f u l l - f  lowing 

condi t ions  i n  the primary stream, this f low structure is main- 

t a ined  through t o  the primary ex i t  plane (see Figure 2 . 1 ) .  

Under moderate separa ted- f  low cond i t ions ,  th is  bas i c  f low 

s t r u c t u r e  s t i l l  exists.  A s  the degree of s epa ra t ion  increases ,  

new flow structures may develop. 

An X/L l o c a t i o n  of 0.75 (see d e f i n i t i o n  of X/L r a t i o  i n  Nomen- 

clature) w a s  used for  the i n j e c t o r s  i n  a l l  four primary nozzle  

ex tens ions  , Applicat ion of the shock equat ions given above 

produced the fol lowing r e s u l t s .  

00 ae 
(deg .I (deg.1 

ex tens ion  ij 
(kg/sec) 

1 0.136 47 -2 62.2 
1 0.272 57 .O 73.2 
2 0.136 49.8 68.5 
2 0,272 58.6 76.4 
3 0.136 54.2 75.0 
3 0 ,272 64.2 84.0 
4 0.136 57 .O 79 .o 
4 0 -272 70.6 91.7 
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Y 

2 . 3 Thrust Ca lcu la t ions  

For  a f u l l - f l o w i n g  nozz le ,  the axial  thrust can be c a l c u l a t e d  

by the equat ion  

With 6 lb/sec (2.72 kg/sec) of n i t rogen  gas flowing through 

extension 1, t h e o r e t i c a l  F is  373 lb (1659 newtons). I n  ex- 

tens ions  2 ,  3 ,  and 4 ,  primary flow sepa ra t e s  from the w a l l .  

The e f f i c i e n c y  loss caused by flow sepa ra t ion  reduces the ex- 

pected thrust  t o  a value below 373 l b .  

I n  tests employing warm gas i n j e c t i o n  i n t o  t h e  h o t  gas stream 

of a s o l i d  p r o p e l l a n t  rocke t  motor, the TVC s i d e  f o r c e  p e r  

i n j e c t o r  can be c a l c u l a t e d  by the equat ion 

0 - < E - < 30° . 

This equat ion is merely the i n j e c t o r  momentum equat ion m u l t i -  

p l i e d  by 2/cos E ,  The f a c t o r  of 2 r e f l e c t s  the magnif icat ion 

of s i d e  t h r u s t  brought about by the TVC phenomenon. The 

cos E term r e f l e c t s  the increase  i n  s i d e  thrust as the secondary 

gas is i n j e c t e d  upstream. 
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With secondary i n j e c t i o n ,  a n i t rogen  f low ra te  of 0.6 l b / s e c  

(0,272 kg/sec) ,  i n j e c t i o n  angle  E = O o ,  and secondary t o t a l  

temperature of 400F (278°K), t h e  ca l cu la t ed  va lue  of F. f o r  

ex tens ion  1 i s  62.5 l b  (278 newtons). 

impulse i s  104 seconds. 

J 
Calculated s p e c i f i c  

Side fo rce  produced under the separated flow condi t ions  en- 

countered i n  ex tens ions  2,  3 ,  and 4 cannot be ca l cu la t ed  w i t h  

the F .  equat ion.  The primary ob jec t ive  of th is  program i s  t o  

determine t h e  separated-f low SITVC fo rces  experimentally.  
J 
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SECTION 3 

TEST RESULTS : 'IBRUST MEASUREMENTS 

; 
Of the 98 tests i n  the e n t i r e  program, 72 of these were performed 

w i t h  the thrust v e c t o r  c o n t r o l  f low coming from two opposed i n -  

j e c t i o n  p o r t s .  Results of these tests are presented i n  F igures  

3.1 through 3.18. Each f i g u r e  p re sen t s  the d a t a  obtained f o r  

the f o u r  nozzle  ex tens ions  under nominally i d e n t i c a l  primary 

and secondary f low rates and chamber p re s su res .  The d a t a  po in t s  

were obtained a t  va r ious  s t e p s  commanded of the TVC system by 

the tape-recorded inpu t  program (Figure 1 . 6 ) .  Data po in t s  

obtained f o r  s t e p s  of i nc reas ing  d i f f e r e n t i a l  secondary flow 

are d i f f e r e n t i a t e d  from those of decreas ing  d i f f e r e n t i a l  flow. 

I n  drawing curves through the d a t a  po in t s  f o r  each tes t ,  con- 

s i d e r a t i o n  w a s  given t o  the shape of the TVC , force o s c i l l o -  

graph traces relat ive t o  the i n j e c t o r  chamber pressures  dur ing  

the ramp por t ion  of the inpu t  program, 

As would be expected,  a good d e a l  of scatter is  sometimes found 

i n  the I ,  d a t a  po in t s  a t  the low d i f f e r e n t i a l  f low levels. 
J 

Since 
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the Limitat ion on p r e c i s i o n  i n  measuring o r  c a l c u l a t i n g  d i f -  

f e r e n t i a l  f l o w  and side f o r c e  when both  are near  zero can 

3 .  cause large percentage v a r i a t i o n s  i n  I 

For  a l l  tests shown i n  F igures  3.1 through 3.18, a value f o r  

the pressure  r a t i o  Pe/Pa is given. 

t h e o r e t i c a l  value f o r  primary stream exi t  pressure  when the 

primary stream is f lowing f u l l .  

I n  this  r a t i o ,  Pe is a 

I n  most of the tests the p r i -  

mary stream w a s  separa ted  from the nozzle wal1,but use of this 

theoretical Pe value i n  a r a t i o  w i t h  measured atmospheric 

pressure  Pa provides a scale by which relative overexpansion 

can be measured. Each secondary flow cond i t ion  w a s  t e s t e d  i n  

f o u r  primary nozzle extensions a t  three d i f f e r e n t  primary 

chamber p re s su res .  Thus twelve values of Pe/Pa are a v a i l a b l e  

f o r  each secondary cond i t ion .  

The d a t a  f o r  the secondary flow condi t ions  are p l o t t e d  i n  a 

non-dimensionalized form of s p e c i f i c  impulse r a t i o ,  I j/I, 

versus Pe/Pa i n  F igures  3.19 through 3.30. This p l o t t i n g  f o r -  

m a t  simulates the s p e c i f i c  impulse characteristics f o r  a given 

SITVC system i n  an ascending vehicle (theoretical ful l - f  lowing 

Pe is c o n s t a n t ,  Pa decreases ,  t he re fo re  P,/Pa increases  w i t h  

a l t i t u d e ) .  Two sets of s p e c i f i c  impulse characteristics are 
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presented.  

family of curves fo r  va r ious  d i f f e r e n t i a l  flows are given f o r  

the six t o t a l  secondary flow rates t e s t e d .  

I n  the f irst set  (F igures  3.19 through 3.241, a 

D i f f e r e n t i a l  and 

t o t a l  secondary f low d a t a  are presented as r a t i o s  t o  primary 

flow i n  o r d e r  t o  s impl i fy  a p p l i c a t i o n  of the curves t o  other 

systems. As can be seen i n  F igure  3.19 f o r  example, the 

curves f o r  the lower d i f f e r e n t i a l  flows co inc ide  over the 

e n t i r e  range of overexpansion. Fo r  the same t o t a l  secondary 

f low ra te ,  the curves f o r  higher d i f f e r e n t i a l  flows f a l l  

below the o t h e r s  a t  the lower values of Pe/Pa. 

se t  (F igures  3.25 through 3.30),  curve f a m i l i e s  of t o t a l  

f low rate are presented f o r  each of s i x  d i f f e r e n t i a l  rates.  

I n  the second 

3.2 S ingle  P o r t  Tes t ing  

Twelve tests w e r e  run w i t h  one of the two i n j e c t i o n  p o r t s  

blocked t o  make sure that the separated-f low s i d e  f o r c e s  

were n o t  a f f e c t e d  by i n t e r a c t i o n  of the primary stream w i t h  

any leakage f low from the second i n j e c t o r .  Ind iv idua l  cumes 

f o r  each test  are p l o t t e d  i n  F igures  3.31, 3.32, and 3.33 in  

a manner s i m i l a r  t o  that of the opposed p o r t  tests Each of 

these tests produced a r e l a t i v e l y  cons t an t  secondary s p e c i f i c  

impulse Over the secondary f low range. When the I /I r a t i o  3 
f o r  each of the twelve tests is p l o t t e d  according t o  i t s  
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i Pe/Pa ratio, the curve given i n  Figure 3.34 results. 

3 .3  Axial Thrust 

Average values for specific impulse produced by the primary 

thrust for each extension are as follows: 

Extension 1 2 3 4 
Specific impulse, I (sec) 62 60 56 56 
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SECTION 4 

TEST RESULTS : SEPARATED -FLX)W SHOCK STRUCTURE 

4.1 Sch l i e ren  T e s t s  

A two-dimensional model of gaseous SITVC was  t e s t e d  i n  the 

Schl ie ren  sys t e m  shown i n  F igure  4 .l. Design parameters and 

Sch l i e ren  t es t  o u t l i n e  are given i n  F igure  4.2 .  Photographs 

of the s i x t e e n  test  condi t ions  appear i n  F igures  4.3 through 

4.6 .  T e s t  condi t ions  1 through 4 (Figure 4.3) correspond t o  

t h e  flow s t r u c t u r e  occurr ing  i n  the three-dimensional primary 

nozzle ex tens ion  1. A s  the primary chamber pressure  i n  the 

Schl ie ren  system is lowered, the degree of overexpansion of 

primary nozzle  extensions 2 ,  3 ,  and 4 i s  simulated by test 

condi t ions  5-8, 9-12 ,  and 13-16 r e s p e c t i v e l y .  I n  tes t  con- 

d i t i o n s  13 through 16  (Figure 4 . 6 ) ,  however, some problems 

w i t h  the primary stream w e r e  encountered. 

pressure  becomes as low as it d i d  i n  this  case (less than s ix  

t i m e s  ambient),  the flow stream i n  the d iverg ing  po r t ion  of the 

nozzle tends t o  become uns t ab le  and non-symmetric, 

When primary chamber 

As a re- 

su l t ,  the photographs i n  F igure  4.6 do n o t  p re sen t  a true 

rep resen ta t ion  of the f low s t r u c t u r e  of three-dimensional p r i -  

mary nozzle  ex tens ion  4 .  
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From measurements made on the Sch l i e ren  photographs f o r  test 

condi t ions  1 through 1 2 ,  a p l o t  of accommodation h e i g h t  versus 

secondary/primary f l o w  r a t i o  is presented i n  F igure  4.7, 

of secondary i n j e c t i o n  boundary l a y e r  s epa ra t ion  p o i n t  and the 

P l o t s  

oppos i te  w a l l  s epa ra t ion  p o i n t  versus secondary/primary flow 

r a t i o  are presented i n  F igu re  4 .8 .  F i n a l l y ,  shock angle  meas- 

urements are given i n  F igure  4 . 9 .  

f r o m  these p l o t s :  

Some observa t ions  can be made 

1. 

2, 

3.  

4. 

Accommodation heights f o r  f u l l  -f lowing o r  s l i g h t l y  over - 
expanded nozzles  va ry  almost l i n e a r l y  w i t h  secondary f low 

rate,  

With g r e a t e r  overexpansion, accommodation height is non- 

l i n e a r  and s i g n i f i c a n t l y  larger than f o r  the f u l l - f l o w i n g  

condi t ions .  

Secondary i n j e c t i o n  boundary l a y e r  s epa ra t ion  p o i n t  moves 

s l i g h t l y  upstream w i t h  increased i n j e c t i o n  flow and w i t h  

increased  primary nozz le  overexpansion. 

The d i s t a n c e  f r o m  the i n j e c t o r  c e n t e r l i n e  t o  the secondary 

i n j e c t i o n  boundary l a y e r  s epa ra t ion  p o i n t  is more than 

double the accommodation height. 
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5 .  Flow sepa ra t ion  p o i n t  as observed on the w a l l  opposi te  

the i n j e c t o r  moves downstream w i t h  i nc rease  of i n j e c t e d  

f low due t o  f low augmentation effects.  

6 .  Shock angle  inc reases  s l i g h t l y  w i t h  increased i n j e c t i o n  

f l o w  and inc reases  more s i g n i f i c a n t l y  w i t h  increase  i n  

primary nozzle  overexpansion 

4.2 Shock P a t t e r n s  

I n  each of the f o u r  primary nozzle  extensions used i n  three- 

dimensional t e s t i n g ,  t en  pressure  t a p s  were d r i l l e d  i n t o  the 

nozzle  w a l l  around one of the i n j e c t i o n  p o r t s .  Three were l o -  

ca t ed  d i r e c t l y  upstream of the i n j e c t i o n  p o r t ,  three i n  the 

r a d i a l  p lane  through the i n j e c t i o n  p o r t s ,  and f o u r  i n  a plane 

0.1 inch  (0.0019 m e t e r )  from the primary nozzle  ex i t .  

l o c a t i o n s  are t abu la t ed  i n  Figure 4.10. 

These 

The pressure  t aps  were used t o  detennine the shock o u t l i n e  on 

the nozzle  w a l l ,  F igures  4-11 through 4.14 show the p a t t e r n s  

produced i n  the f o u r  ex tens ions .  

scale development of the nozzle  cone. Nominal primary f low 

condi t ions  f o r  a l l  cases are 2.7 kg/sec f l o w  rate and 4.2 x 

l o 6  newtons/meter* (600 p s i )  primary chamber pressure .  Fo r  

r e fe rence ,  the c a l c u l a t e d  l o c a t i o n  of 8 p s i a  (55,200 nsma) 

Each figure con ta ins  a f u l l -  
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s ta t ic  w a l l  p ressure  f o r  a f u l l - f l o w i n g  primary nozzle  is 

shown f o r  ex tens ions  2 ,  3 ,  and 4 .  

duced f o r  three d i f f e r e n t  secondary f l o w  rates are shown on 

each development. 

The shock p a t t e r n s  pro- 

When the shock azimuths f a l l  beyond the pressure  t a p s  n e a r  

the instrumented p o r t ,  the azimuths are loca ted  by us ing  d a t a  

obtained w i t h  the given flow ra te  comir,g from the oppos i te  

p o r t .  

Cross -p lo t s  of the shock apex l o c a t i o n s  and ex i t  plane shock 

azimuths versus 6 

r e s p e c t i v e l y .  

observat ions i n  tha t  the secondary i n j e c t i o n  boundary l a y e r  

s epa ra t ion  p o i n t  moves upstream w i t h  increased i n j e c t i o n  flow 

and w i t h  increased primary nozzle overexpansion. 

the @e characteristics of F igure  4.16 suppor t  the Schl ie ren  

d a t a  regard ing  v a r i a t i o n  of shock angle  w i t h  i n j e c t e d  flow 

and overexpansion. Some other genera l  s ta tements  can a l s o  

be made i n  regard  t o  the exit  plane shock azimuth: 

are provided i n  F igures  4.15 and 4.16 

Figure  4.15 c o r r e l a t e s  w i t h  the Schl ie ren  
j 

S imi l a r ly ,  

1. Under many test  c o n d i t i o n s ,  Qe exceeded 90° ;  t h e r e f o r e ,  

some negat ive  s i d e  f o r c e  components w e r e  p re sen t .  

2. A t  max imum &j i n  extension 4,  the shock from the 
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instrumqpted i n j e c t i o n  p o r t  seems t o  i n t e r s e c t  w i t h  the 

oppos i te  w a l l  . 
3 .  As degree of overexpansion inc reases ,  it becomes more 

d i f f i c u l t  t o  determine exact shock p a t t e r n s  because of 

a tendency of the i n j e c t e d  f low t o  spread o u t  and "fill" 

the primary nozzle  rather than create a sharp ly  def ined 

shock. 

Fu r the r  a n a l y s i s  of the shock p a t t e r n  d a t a  i n  conjunct ion w i t h  

the SITVC s i d e  f o r c e  d a t a  of Sect ion 3 is  presented i n  Sec t ion  5. 
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SCHLIEREN DESIGN PARAMETERS 
B 

PRIMARY NOZZIX 

Half-cone ang le  = 15O 
Exi t / t h roa t  area r a t i o  = 6.79 (Mach 3.5) 

SECONDARY NOZZLE 

I n j e c t i o n  angle:  
I n j e c t i o n  pos i t ion :  

perpendicular  t o  primary axis 
primary nozzle  X/L = 0.75 

Throat area = 0,100 pr imary  t h r o a t  area 
Half-cone angle  = 15O 
Exit/throat area r a t i o  = 1.6875 

SCHLIEREN TEST OUTLiNE 

T e s t  
Condition 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

Primary Chamber 
Pres  sure 

(103 nsma) ( p s i a )  

4140 600 
4140 600 
4140 600 
4140 600 
2080 301 
2080 301 
208 0 301 
2080 301 
1090 158.6 
1090 158.6 
1090 158.6 
1090 158.6 

596 86.5 
59 6 86.5 
59 6 86.5 
596 86.5 

Secondary Chamber 
Pres  sure 

(103 nsma) (psia) 

- - - -  - - -  
827 120 

2070 300 
4140 600 - - - -  --I 

415 60.2 
1040 150.5 
2080 301 - - - -  

219 31.7 
547 79 ,3 

1090 158.6 

119 17.3 
298 43.25 
59 6 86.5 

- - - -  - - -  

(Mach 2) 

Resu l t an t  
S ec ondary/Primary 

F low Ratio 

0 
0.02 
0.05 
0.10 
0 
0.02 
0.05 
0.10 
0 
0.02 
0.05 
0.10 
0 

0.05 
0.10 

- (0.02 

FIGURE 4.2 - SCHLIEREN STUDY 



0 
rl 

0 

II 

? 
*$" 
tr, 

0 
0 
rl 

It 

b 

U 

% *" 

PI 
n 

In 
0 

0 

II 

* 

4" 
e.) 
0 
In 
0 

It 

. 
V 

U 

d" 
n 
m 

4 -8 



0 cv 
0 

ll 
u 

u 
'r) 
pc 
n 
\o 

0 
rl 

0 

II 

. 

om 
0 
0 . 
rl 

n 
ao' 

u) 
0 . 
0 

II 

n 
b 

d 
0 
Frl 
W 

m 
0 
rl 

x 
ao 
0 . 
N 
II nu 

h 
N 

0 

0 
U 

3 pc 

4-9  i 
i 



cv 
0 

0 

I1 

? .i- 
o n  
cv 
0 

I1 

. 
U 

U 
*r) 

Y 
pc 
n 
0 
rl 

0 

II 

.E'- 
n 
m 

4-10 

m 
0 
0 

II 

. 

? 
.i- 

o.) 
0 
rr) . 
0 

II 
U 

U 
Y 

PI 
n 
d 
rl 

rl 

al E 

v 

2 
u) 
0 
rl 

* s  
rn 
0 0  



4-11 



._ 
g&4a - - 
0.535 
0.27 I . 
‘0.14 
, 

0 1001. 
i 
f -  

I 

t t 

I 
. .  

- I  

P igure 



i 4-13 



4-14 



e 

I m 

cv I 

m cv 
d 
0 + 

rl 
b. 
m 
0 

0 
+ *  

2 
m 
0 

0 + 
* 

0 m 
rl 
0 

0 + 

0 
0 

rl 

u) 
00 
hl 
0 
0 + 

% cv 
0 

f i  

0 
rl cv 
0 

0 + 

m 

0 

0 + 
5 . 

0 
0 

cv 

m 

0 
0 + 
3 

b 

2 
rl 
0 

0 + 
8 

u) 
0 
I4 
0 

0 + 

u) 
m 
0 
0 

0 + 

0 
0 

m 

0 

0 

0 

0 

0 
0 
m 

3 

0 

0 

0 

0 

0 
u) 
3 

u) 

0 

0 

0 

0 

0 
0 
0 
m 

?h 

. -  

e e cv 
0 
0 

b 

I 

m 
00 
rl 
0 
0 
I 

0 
m 
rl 
0 
0 

* 

I 

u) 
00 
0 
0 

0 
. 
I 

0 
0 
m 
m 

h 

* e cv 
0 
0 

I 

m 
00 
l-i 
0 

0 
6 

I 

0 
m 
ri 
0 

0 
. 
I 

m 
00 
0 
0 

0 
. 
I 

0 
0 
u) 

00 

* 
Q cv 
0 

0 
. 

I 

m 
co 
rl 
0 

0 
. 

I 

0 
m 
ri 
0 

0 
I 

m 
00 
0 
0 
0 

e 

I 

0 
u) 
00 
N 

cn 

3 
hi 
0 
0 
I 

m 
43 
rl 
0 
0 
. 
I 

0 
m 
rl 
0 
0 
. 
I 

w 
00 
0 
0 
0 
. 

I 

0 
0 m 

0 
rl 

2 
0 
d 
L, 

a 
cd 
H . 

+J e 
cd 

a, 

u Fr 
0 

* i J  4J cd d 



v) m m  
m b  . .  

b h l  . .  

4 -16 

u; 
C 
k 
a, 
c, 
c, 
a 
pc 

l-i 

C 
0 
4 

z 
a, cr x w 



b 

a 
b r -  a *  
' 0  
0 4  

42 
V 

m 2 

0 
0 

4-17 



0 
- 0  

cn 
k 
a, 
c, x w 





4-20 I 

i 
1 

i d  



SECTION 5 

F 
i. 

J 

I 

i 
. J  

DISCUSSION OF SEPARATED-FLOW RESULTS 

5.1 

I n  reviewing the tes t  results,  the most important f a c t o r  t o  be 

considered is the exi t  plane shock azimuth cDe. 

T e s t  Results Versus Predic ted  Valpes 

Predic ted  values 

of me given i n  Sec t ion  2.2 are lower than those  obtained i n  the 

tests (see Figure  4.16). S p e c i f i c a l l y ,  the p red ic t ed  values i n  

a l l  b u t  the most extreme case of primary nozzle overexpansion 

are less than  9 0 ° .  Experimental d a t a  show cDe t o  be g r e a t e r  than 

90° i n  most cases. The e f f i c i e n c y  of the obl ique shock t o  

amplify the thrust v e c t o r i n g  of the secondary j e t  decreases  as 

@e reaches 90°. When me is s i g n i f i c a n t l y  g r e a t e r  than 9 0 ° ,  

some of the excess pressures  generated on the primary nozzle 

w a l l  a c t u a l l y  oppose the f o r c e  c r e a t e d  by the secondary j e t .  

Some effects of this can be seen i n  the ind iv idua l  t es t  results 

presented i n  Sec t ion  3. 

t i m e s  show a s m a l l  decrease i n  s p e c i f i c  impulse a t  the h ighe r  

f low rates, 

i n g  I ,  w i t h  i nc reas ing  secondary flow. 

compare the r e l a t i v e l y  simple c h a r a c t e r i s t i c s  produced i n  s i n g l e -  

p o r t  t e s t i n g  (Figures  3.31, 3.32, and 3.33) w i t h  the two-port 

T e s t s  with ex tens ions  1 and 2 some- 

Extensions 3 and 4 almost i nva r i ab ly  show decreas-  

I t  is i n t e r e s t i n g  to  
J 
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characteristics of F igures  3.1 through 3.18. 

ing ,  the f low from the opposed p o r t  tends t o  i n t e r a c t  and 

create complex results under separated-f low cond i t ions .  

I n  two-port  tes t -  

Some observa t ions  can be made i n  a t tempt ing  t o  c o r r e l a t e  p re -  

d i c t e d  shock parameters,  Schl ie ren  photographs, and 

shock o u t l i n e s .  The two-dimensional Sch l i e ren  d a t a  

experimental  d a t a  show q u a l i t a t i v e  agreement i n  a l l  

experimental  

and the 

Comparable 

areas. 

mathematical model and its predic ted  shock o u t l i n e .  T h i s  

eva lua t ion  can be a p p l i e d ,  f o r  example, t o  t h e  re la t ive  shape 

and s i z e  of the shock o u t l i n e .  The actual shock w a s  wider than 

a n t i c i p a t e d  b u t  i ts  apex was n o t  as f a r  upstream as expected: 

these two f a c t o r s  can be v e r i f i e d  by comparing the  shock l o -  

c a t i o n s  of F igures  4.11 t o  4.14 relative t o  the pressure  taps  

which were t o  p ick  up the shock o u t l i n e .  

t o  note  that the c a l c u l a t e d  va lues  of accommodation height h 

presented i n  Sect ion 2.1 are almost i d e n t i c a l  t o  the values 

for  shock apex l o c a t i o n  provided by the tes t  results of F igure  

4.15. The Sch l i e ren  data of Sec t ion  4.l,however, i nd ica t ed  

that  the d i s t a n c e  from i n j e c t o r  c e n t e r l i n e  t o  shock apex w a s  

approximately double the accommodation height e The inference  

is that the i n j e c t e d  n i t rogen  stream penet ra ted  a lesser 

These two sources  can be used toge ther  t o  evaluate the 

I t  i s  i n t e r e s t i n g  
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d i s t a n c e  i n t o  the primary stream than p red ic t ed  by the half-  

c i rc le  approximation f o r  secondary f low area A4 of the mathe- 

matical model. Consequently, the secondary f low area m u s t  

p r e sen t  a wider obs t ac l e  t o  the primary stream and cause a 

larger e f f e c t i v e  shock angle  a long the w a l l .  T h i s  expla ins  

why the actual e x i t  plane shock azimuth Qe w a s  g r e a t e r  than 

p red ic t ed  values f o r  extensions 1 and 2 

I n  extensions 3 and 4 ,  a somewhat d i f f e r e n t  s i t u a t i o n  exists.  

The t h e o r e t i c a l  n a t u r a l  s epa ra t ion  p o i n t  of the primary stream 

is upstream of the shock apex. A s  the overexpansion condi t ion  

becomes more extreme, the shock o u t l i n e  i n  f a c t  becomes less 

clearly def ined .  The i n j e c t e d  gas tends t o  f i l l  i n  much of 

the region of the w a l l  where the primary f low has separa ted  

from the w a l l .  Consequently, the i n j e c t e d  gas a f f e c t s  an even 

l a r g e r  area wi th in  the primary nozz le ,  b u t  it creates a re la-  

t i v e l y  smaller change i n  the s t a t i c  pressures  a long the w a l l .  

The f i n a l  resul t  of this  e f f e c t  is a decrease i n  the i n j e c t o r  

thrust ampl i f i ca t ion  produced by the shock mechanisms. 

For  a l l  condi t ions  t e s t e d  i n  this  program, the ampl i f i ca t ion  

of s i d e  f o r c e  i n  the SITVC phenomenon is lower than predic ted .  

The equat ion f o r  t h e o r e t i c a l l y  determining s i d e  f o r c e  (Sect ion 
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2 - 3 )  p red ic t ed  a s p e c i f i c  impulse r a t i o  of 1 ,68  ( I  /I = 104/62 = 

1.68) .  Under f u l l - f l o w i n g  condi t ions  obtained w i t h  extension 1, 
3 

Ij/I = 86/62 = 1.39, 

t ens ions  2 ,  3, and 4,  the s p e c i f i c  impulse r a t i o  diminishes t o  

a level of approximately one. 

With the separa ted  f l o w  condi t ions  of ex- 

For  purpose of comparison, previous V i c k e r s - N A S A  tests of 

normal ( E  = Oo) w a r m  gas i n j e c t i o n  i n t o  f u l l - f l o w i n g  h o t  gas 

primary streams produced a s p e c i f i c  impulse r a t i o  of 1 . 2 .  

With a 20° i n j e c t i o n  ang le ,  the s p e c i f i c  impulse r a t i o  f o r  that 

system increased t o  1.45. The d a t a  on i n j e c t i o n  angle  presented 

i n  Sec t ion  6.2 of this  r e p o r t  show that  a s p e c i f i c  impulse 

r a t i o  of 2.0 can be achieved w i t h  co ld  gas i n j e c t i o n  i n t o  a 

co ld  gas primary stream. 

Predic ted  and measured values of primary s p e c i f i c  impulse are 

i n  agreement f o r  the f u l l - f l o w i n g  condi t ions  i n  extension I. 

With the e f f i c i e n c y  losses due t o  separa ted  f low i n  the o t h e r  

ex tens ions ,  primary s p e c i f i c  impulse drops from 62 seconds t o  

56 seconds. 

5.2 R e v i e w  of NAS 1-4102 (Phase I)  Results 

A s  explained i n  Sec t ion  1 . 2 ,  results obtained i n  c o n t r a c t  

NAS 1-4102 ind ica t ed  an inc rease  i n  secondary s p e c i f i c  impulse 
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under separa ted- f low cond i t ions .  

decrease.  

primary and secondary f l u i d s  would produce opposi te  effects. 

The p resen t  tests show a 

There is no reason t o  expect  that  the change i n  

Ins t ead ,  the cause of this apparent  con t r ad ic t ion  i n  test  re- 

s u l t s  is be l ieved  t o  be i n  the d i f f e rence  i n  test  conf igura-  

t ions , 

The mixture of primary and secondary gases i n  the p resen t  tests 

w a s  exhausted d i r e c t l y  i n t o  the atmosphere. 

tests,  however, an a l t i t u d e  cabin and d i f f u s e r  were used t o  

s imulate  a l t i t u d e  condi t ions .  

approximately one cent imeter  from the primary nozzle exi t .  

the flow p a t t e r n s  produced by the i n j e c t o r s  eroded the d i f f u s e r  

tube w a l l  i n  c r i t i c a l  areas, some of the flow l eav ing  the p r i -  

mary nozzle  escaped the d i f f u s e r  and began t o  p re s su r i ze  the 

cabin .  

source of the increased thrust vec to r  fo rce  

In  the previous 

The d i f f u s e r  en t rance  w a s  placed 

When 

I t  is now hypothesized tha t  this escaping gas w a s  the 

U n t i l  results of t he  p re sen t  tests showed that  separated-f low 

SITVC i t s e l f  does n o t  produce magnified thrust vec to r ing  

f o r c e s ,  a d i f f e r e n t  hypothesis  had been developed t o  expla in  

these magnified fo rces .  

previous tests ind ica t ed  a bas i c  change i n  primary nozzle  f low 

Readings from p res su re  t aps  dur ing  the 
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p a t t e r n  that suggested a " f l u i d  ampl i f ie r"  opera t ion .  I t  w a s  

hypothesized that  the i n j e c t i o n  p o r t  pass ing  the larger amount 

of flow "switched'' the separa ted  primary stream t o  the oppos i te  

w a l l .  P ressure  t aps  nea r  the i n j e c t i o n  p o r t  w i t h  greater f low 

ind ica t ed  a superpos i t ion  of conventional shock pressures  onto 

ambient pressure  whereas pressure  t aps  on the opposi te  w a l l  

i nd ica t ed  pressure  expected of a f u l l - f l o w i n g  primary nozzle .  

A technique of i n t e g r a t i n g  the pressures  on the nozzle  w a l l  

under both  f u l l - f l o w i n g  and separated-f low condi t ions  sub- 

s t a n t i a t e d  the increase  i n  s i d e  f o r c e  shown by the load  c e l l s  

under separated-f low condi t ions .  

These same s t a t i c  pressure  c h a r a c t e r i s t i c s  can a l s o  be i n t e r -  

p re ted  i n  a manner that supports  the theory that escaping gas 

produced the inc rease  i n  s i d e  f o r c e ,  The s ta t ic  pressure  

readings on t h e  primary w a l l  oppos i te  the i n j e c t o r  pass ing  the 

greater f low i n d i c a t e  t h a t  the primary stream w a s  f lowing 

along that po r t ion  of the w a l l .  

a l t i t u d e  cab in ,  it w a s  more l i k e l y  t o  escape a t  t h i s  azimuth of 

Whenever gas escaped i n t o  the 

the primary nozzle  e x i t  and thus exert a r e a c t i o n  f o r c e  on the 

thrust s t and  i n  a d i r e c t i o n  the same as that intended w i t h  the 

secondary i n j e c t e d  gas. 

l o c a t i o n  of this r e a c t i o n  f o r c e  t o  be that por t ion  of the 

The pressure  t a p  readings show the 
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primary nozzle  w a l l  downstream of the i n j e c t i o n  p o r t  w i t h  the 

greater flow. I n  this  a f f e c t e d  area of the nozzle  w a l l ,  the 

inc rease  i n  s ta t ic  pressures  relative t o  the pressures  found 

under f u l l - f l o w i n g  condi t ions  is uniformly d i s t r i b u t e d .  The 

uniform level of pressure  increase  w a s  of the same magnitude 

as the ambient pressure  of the a l t i t u d e  cab in  a t  that t i m e .  

The f a c t  that n e i t h e r  increased s i d e  f o r c e  nor  increased s ta t ic  

p res su res  were found i n  the p resen t  series of separated-f low 

tests i n d i c a t e s  that  the s ta t ic  pressure  increases  superimposed 

on the shock pressures  i n  the  e a r l i e r  tests were produced by 

r e a c t i o n  f o r c e  of escaping gas rather than an i n t r u s i o n  of 

ambient p re s  sure . 

The o r i g i n a l  d a t a  had been examined f o r  poss ib l e  c o r r e l a t i o n  

between high TVC f o r c e s ,  escaping gas ,  and the rate of cabin  

p r e s s u r i z a t i o n .  I n  the tes t  performed January 12 ,  1966, a t  

the Allegany Ba l l i s t i c  Laboratory,  motion p i c t u r e  f i lms  taken 

through a window of the a l t i t u d e  cabin showed three d e f i n i t e  

occurrences of exhaust gas blowback i n t o  the cabin .  Each of 

these three blowbacks w a s  accompanied by both an inc rease  i n  

cabin  p re s su re  and a high TVC ampl i f i ca t ion  f a c t o r .  

o t h e r  t i m e  i n  this  tes t  d i d  any cabin p re s su r i za t ion  o r  high 

TVC f o r c e s  occur.  This evidence w a s  weakened, however, by the 

A t  no 
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results of the two previous tests i n  the a l t i t u d e  cabin.  

these tests, so much gas escaped i n t o  the cabin  that smoke 

blocked the view of the tes t  s t a n d ,  The d a t a  d i d  show that 

a rate of cabin  p r e s s u r i z a t i o n  such as 0.5 p s i  (3450 n/m2) 

p e r  second w a s  i n  genera l  accompanied by s i d e  f o r c e s  above 

those produced under design condi t ions  of system opera t ion .  

There w e r e ,  however, s i t u a t i o n s  of l a r g e  s i d e  fo rce  without 

no t i ceab le  cabin p r e s s u r i z a t i o n .  

the o r i g i n a l  b e l i e f  that  the s i d e  f o r c e  inc rease  w a s  due t o  

f l u i d  a m p l i f i e r  e f f e c t s  rather than t h e  escaping gas. 

explanat ion is that  the amount of gas s u f f i c i e n t  t o  account f o r  

the maximum fo rce  increase  would produce such a low p res su r i za -  

t i o n  rate-less than 0.02 p s i  (138 n/m2) per  second-that it 

could n o t  be read from the time p l o t s  of cabin pressure .  

I n  

T h i s  w a s  the key f a c t o r  i n  

The 

! 
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SECTION 6 

OTHER TEST RESULTS 

6.1 Frequency Response T e s t s  

T e s t s  85, 86,  and 87 determine the  frequency response of the 

SITVC f l u i d  mechanism, 

pneumatic valve a t  frequency i n t e r v a l s  of f i v e  cps from f i v e  t o  

s i x t y  cps .  F igure  6.1 shows the  r e s u l t s  i n  terms of the  s i d e  

fo rce  t o  d i f f e r e n t i a l  i n j e c t o r  chamber pressures r a t i o ,  Fj/nPjc I 

relative t o  s t e a d y - s t a t e  cond i t ions ,  

s i x t y  cps due t o  the combined a t t enua t ion  of t h e  valve, gas 

manifold volume between va lve  and i n j e c t o r s ,  and the f l u i d  

mechanism i t s e l f .  

garded due t o  d i s t o r t i o n  i n  t he  chamber pressure  s inuso ida l  

s i g n a l s .  The curve drawn through t h e  given da ta  poin ts  i n  

Figure 6.1 c l o s e l y  approximates the t h e o r e t i c a l  response of 

a second o rde r  system with 40 cps resonance and 0.3 damping 

r a t i o .  

Sinusoidal  s i g n a l s  w e r e  appl ied  t o  the  

Tes t ing  w a s  l i m i t e d  t o  

Some 25 and 30 cps  d a t a  poin ts  were d i s r e -  

The above r e s u l t s  are be l ieved  t o  be unaf fec ted  by t h r u s t  

s tand  dynamics. 

quency w a s  made by tapping the  assembly a t  the i n j e c t i o n  plane.  

A simple check of t h r u s t  s tand  resonant  f r e -  

The load c e l l  traces on the osc i l lograph  showed a resonant  
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frequency of 243 cps .  

t o  be superimposed, no f requencies  below 243 cps could be 

de t ec t ed  . 

Although some higher harmonics seemed 

The d a t a  obtained i n  previous c o n t r a c t s  (NAS 1-4102 and MAS 

1-2962; see re fe rences )  i nd ica t ed  the SIWC f l u i d  mechanism 

could be represented  by a f i r s t - o r d e r  t r a n s f e r  func t ion  w i t h  a 

corner  frequency i n  excess  of 35 cps . 
w a s  performed on a thrust  s t and  w i t h  a 2 5  cps resonant  fre- 

quency, 

e x t r a c t e d  from the load  ce l l  readings .  

r a t i o  of measured s i d e  f o r c e  t o  d i f f e r e n t i a l  chamber pressures  

(as much as +25 dec ibe l s  a t  20 cps) w a s  assumed e n t i r e l y  due 

t o  thrust s t and  resonance. 

That t e s t i n g ,  however, 

SITVC frequency response d a t a  were mathematically 

The high amplitude 

The p o s i t i v e  dec ibe l s  of SITVC frequency response encountered 

i n  the c u r r e n t  tests w e r e  n o t  expected; b u t  no evidence that  

the p o s i t i v e  frequency response w a s  con t r ibu ted  by tes t  o r  

instrumentat ion components o t h e r  than the SITVC f l u i d  mechanism 

could be found. The p o s s i b i l i t y  s t i l l  remains, however, that 

some combination of the n i t rogen  supply system, primary and 

secondary hose s t i f f n e s s  when p res su r i zed ,  secondary hose vol -  

ume and conf igu ra t ion ,  and the l o c a t i o n  of the chamber pressure  

t a p s  could have been r e spons ib l e .  
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6.2 Varied I n j e c t i o n  Angle Tests 

The primary nozzle  extension subassembly shown i n  F igure  6.2 was  

used t o  perform the varied i n j e c t i o n  angle  tests. Geometry of 

the primary nozzle  and the s i n g l e  i n j e c t i o n  nozzle  is the same 

as that l i s t e d  f o r  extension 1 i n  F igure  1.1. The p i v o t  p o i n t  

f o r  the i n j e c t o r  w a s  placed as close as poss ib l e  t o  the primary 

nozzle  axis i n  o rde r  t o  maintain a r e l a t i v e l y  cons t an t  Xb 
r a t i o  and t o  minimize the size of the h o l e  r equ i r ed  i n  the 

primary nozzle  w a l l .  

between - 3 O O  and 45" as t abu la t ed  i n  F igure  1.5. 

The i n j e c t o r  w a s  se t  a t  eleven p o s i t i o n s  

Results of 

the ind iv idua l  tests are given i n  F igures  6 . 3 ,  6.4, and 6.5.  

Figure  6.6 is a composite of a l l  eleven tests. 

Some observa t ions  can be made f r o m  these results:  

1. A t  low f l o w  rates i n  the extreme i n j e c t i o n  angle  pos i t ion-  

s p e c i f i c a l l y  -30°, 37%", and 45O-there may be some effect 

on i n j e c t a n t  s p e c i f i c  impulse produced by pro t rus ion  of an 

edge of the i n j e c t o r  i n t o  the primary stream, 

2 .  A decreas ing  s p e c i f i c  impulse a t  high f low rates f o r  E > 15O 

shows the .degrading  e f f e c t  of having the ex i t  plane shock 

azimuth exceed 90°, 
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3 ,  An optimum i n j e c t i o n  angle  based on s p e c i f i c  impulse level, 

s i m p l i c i t y  of assembly,and l i n e a r i t y  of response appears 

t o  be 2 2 % O ,  

4 .  As the i n j e c t i o n  angle  is turned upstream from O o  t o  30°, 

the secondary s p e c i f i c  impulse increases  a t  a g r e a t e r  rate 

than the l/cos E f a c t o r  pred ic ted  i n  Sec t ion  2 . 3 .  
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Figure 6.2 F u l l  Scale Cross-Section of Primary Nozzle 
Extension w i t h  Varied I n j e c t i o n  Angle Subassembly 
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SECTION 7 

SUMMARY AND CONCLUSIONS 

, 

7 -1 Separated-Flow SITVC 

T e s t  results w i t h  n i t rogen  gas i n  both primary and secondary 

systems ind ica t ed  a decrease  i n  secondary s p e c i f i c  impulse as the 

primary nozzle  expansion w a s  increased  t o  produce separa ted  flow. 

I n  a l l  tests the secondary gas w a s  i n j e c t e d  normal t o  the p r i -  

mary nozzle  axis a t  an X/L l oca t ion  of 0.75. When the secondary 

i n j e c t i o n  came from one p o r t  on ly ,  secondary s p e c i f i c  impulse 

dropped from 86  seconds under fu l l - f lowing  condi t ions  t o  52 

seconds a t  the most extreme case of primary nozzle  overexpansion 

t e s t e d .  When the i n j e c t e d  gas came from two opposed i n j e c t i o n  

p o r t s ,  non l inea r  e f f e c t s  of shock wave i n t e r a c t i o n  i n  the over-  

expanded primary nozzle  superimposed v a r i a t i o n s  on the bas i c  

r e s u l t s  ob ta ined  w i t h  one p o r t  blocked. 

I n  a l l  cond i t ions  t e s t e d ,  and e s p e c i a l l y  those w i t h  the g r e a t e r  

degree of f low sepa ra t ion ,  the e f f e c t i v e  shock azimuth a t  the 

primary nozzle  ex i t  w a s  l a r g e r  than the va lue  p red ic t ed  by a 

mathematical model. I n  fac t ,  the exi t  plane shock azimuth 

f r equen t ly  exceeded 90° and caused a d e t e r i o r a t i o n  i n  the SITVC 

ampl i f i ca t ion  f a c t o r .  I n  o rde r  t o  reduce the ex i t  plane shock 

7 -1 



azimuth, the i n j e c t i o n  p o r t s  should be loca ted  c l o s e r  t o  the 

primary nozz le  exi t .  

The  s a l i e n t  conclusion der ived  from these tests is that gas- 

eous secondary i n j e c t i o n  i n t o  an overexpanded primary nozzle  

does n o t  produce s u f f i c i e n t  s i d e  fo rce  ampl i f i ca t ion  t o  com- 

pensate  f o r  the a d d i t i o n a l  weight of the overexpanded nozzle .  

I f  the design of such a system is under cons ide ra t ion ,  however, 

the d a t a  c ros s -p lo t s  presented i n  F igures  3.19 through 3.30 and 

Figure 3.34 provide s u f f i c i e n t  information f o r  e s t ima t ing  the 

W C  fo rce  produced over  a wide range of secondary flow and 

primary overexpansion cond i t ions .  

7.2 Frequency Response 

A primary nozzle  w i t h  sea-level expansion w a s  t e s t e d  w i t h  s inu-  

s o i d a l  v a r i a t i o n  of the flow from opposed i n j e c t i o n  po r t s .  The 

SITVC frequency response curve of F igure  6.1 ind ica t e s  a second 

o rde r  system w i t h  40  cps resonant  frequency and 0.3 damping 

r a t i o .  

7.3 Varied I n j e c t i o n  Angle 

A primary nozzle  w i t h  sea-level expansion w a s  t e s t e d  a t  7%' 

i n t e r v a l s  of i n j e c t i o n  angle  between 30° downstream and 45' up- 

stream. Composite resul ts  are given i n  F igure  6.6. Of the 

c 
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5 ang les  t e s t e d ,  an optimum i n j e c t i o n  angle  based on s p e c i f i c  

impulse level 

appears to  be 224O upstream. 

s i m p l i c i t y  of assembly, and l i n e a r i t y  of response 
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